The life of an RNA begins in the nucleus, and early life experience may influence subsequent development. In addition to redefining protein coding information, nuclear events such as splicing and editing may also impact the way an RNA is subsequently handled in the cytoplasm. The biogenesis and dynamics of the various ribonucleoprotein (RNP) particles that are involved in such nuclear events are thus of considerable interest.
Early Life
The life of an RNA begins in the nucleus, and early life experience may influence subsequent development. In addition to redefining protein coding information, nuclear events such as splicing and editing may also impact the way an RNA is subsequently handled in the cytoplasm. The biogenesis and dynamics of the various ribonucleoprotein (RNP) particles that are involved in such nuclear events are thus of considerable interest.
*Correspondence: htiedge@downstate.edu For example, the survival of motor neurons (SMN) complex has recently been identified as a molecular assembly machine that helps organize snRNP biogenesis (Wan et al., 2005) . The SMN complex may play a key role in cellular RNA metabolism; reduced levels of SMN protein cause spinal muscular atrophy (SMA). Subcellular RNA targeting depends on interactions with proteins within RNP complexes, and it will therefore be important to establish whether RNP formation in the nucleus is a requirement or determinant for subsequent cytoplasmic transport.
Interestingly, nuclear mobility of mRNPs appears to be undirected, i.e., reflecting simple diffusion, as recent work by the Singer laboratory has shown. Also, as RNAs destined for export do not seem to express a preference for particular nuclear pores, the data imply that targeting elements (also known as zipcodes) specifying recruitment of molecular motors may only become operational in the somatic cytoplasm. However, the nucleus may remain involved in some aspects of RNA life even subsequent to nuclear export. After axonal injury, for example, a retrograde signal is relayed to the nucleus, where it triggers a response. This mechanism has previously been shown to involve local synthesis and subsequent retrograde transport of importins and, more recently, the retrograde transport of phosphorylated MAP kinases Erk1 and Erk2 via vimentin-mediated recruitment to importin β (see Perlson et al., 2005 , and references quoted therein).
RNA on the Move
Once an RNA has engaged with the neuronal transport machinery and is on its way in dendrites, it moves at speeds up to 1 m/s (O. Steward and M. Kiebler, personal communication). Axonal transport of RNA has been reported at similar velocities (Muslimov et al., 2002) , and it thus appears that common mechanisms may be employed for the long-range transport of RNA in axons and dendrites. Previously reported lower dendritic velocities may reflect multiple mechanisms, including participation of both fast and slow molecular motors, periods of rest, and perhaps moments of oscillatory indecision at branch points. It will now be important to dissect the various codes that specify RNA targeting, i.e., to axons versus dendrites, to proximal versus distal domains, and to synaptic versus shaft microdomains. These destination codes are likely to be contained in the respective transported RNAs. It will be a major challenge in the field (or rather a "rich mining field" in the words of O. Steward) to understand how multiple motifs within transported RNAs cooperate, perhaps in modular fashion, to encode targeting competence to diverse neuronal destination sites. We will also need to understand how spatial information is expressed in the structural design of RNA motifs and how such information is decoded by the cellular transport machinery (Kindler et al., 2005; Smith, 2004 Despite such progress, it has to be conceded that the identification of neuronal TAFs is not straightforward. During their life cycles, RNAs are recognized by a multitude of proteins, many of them performing roles unrelated to RNA transport. Furthermore, transported and localized neuronal RNPs should not be seen as static entities but rather as dynamic structures that probably undergo frequent remodeling both en route and at their destinations. Investigators have therefore been careful to apply stringent criteria to separate the chaff from the grain, i.e., false positives from bona fide TAFs, RNA particles, and transport granules. It is hoped that these efforts will soon allow us to begin understanding the sequence of events that, starting with the recognition of transport-encoding RNA motifs by TAFs, culminates in the ordered assembly of neuronal RNA transport particles.
To Multitask or Not-It's Still a Question
Are targeted mRNAs translated during transport? While some transported mRNAs may be translationally inactive, it seems likely that distinct mechanisms may be in place for different mRNAs. A transported mRNA may not be accessible to the translational machinery, as it is compacted in particles that may lack essential factors. Alternatively or in addition, specific mRNAs may be actively repressed while en route. ZBP1, for example, is a TAF that is required for the localization of β-actin mRNA; it may simultaneously act as its translational repressor (S. Hüttelmaier and R. Singer, personal communication). Alternatively, mRNAs may be translated during transport, although in most cases this would appear unlikely because of steric hindrance by the bound transport machinery. However, an SRP-like mechanism-i.e., initiation followed by translational arrest-is certainly a possibility. Whatever the mechanism, it may be important for a neuron, with its highly mosaic postsynaptic microdomains, to prevent ectopic translation of mRNAs en route, i.e., to suppress production of proteins in the wrong place or at the wrong time (Job and Eberwine, 2001) . Again, such a requirement may not apply to all mRNAs, and local production of some proteins may be tolerated by a cell even if it occurs ectopically-i.e., not when and where needed-although input specificity (see below) may be lost in such cases.
Future work will aim at understanding how RNA release from transport particles is controlled at local destination sites and how released RNAs are subsequently anchored at those sites. Recent results implicate CaM-KII and MAP kinases in the signaling pathways that promote selective docking of Arc mRNA at stimulated synapses (O. Steward, personal communication). Upon docking, control of translational status would be expected to be handed over from transport particles to local, e.g., synaptic, authority.
Silence Is Golden
The central dilemma in neuronal plasticity lies in the fact that, for the long-term modulation of synaptic strength, two key requirements have to be met. On one hand, the signal transduction events that are triggered by synaptic activation have to result in changes in gene expression, i.e., the synthesis of new proteins. On the other hand, these changes have to be implemented in an input-specific manner, i.e., specific to a stimulated synapse or to a local cluster of synapses. Such implementation is difficult to envision with a conventional soma-based translation system. The dilemma is of course immediately overcome if translation can be controlled locally, e.g., at synaptic sites. Candidate mechanisms for local translational control were one of the focal points in the discussions at Kfar Blum.
Two modes are usually distinguished in general translational control (Gebauer and Hentze, 2004): global control, which affects all or most mRNAs in a cell; and mRNA-specific control, which affects individual mRNAs or groups of mRNAs. This dichotomy is mirrored by local control mechanisms at the synapse, with one important distinction: synapse-wide control would affect all or most mRNAs at that synapse (and perhaps at some neighboring synapses) but not mRNAs that are located elsewhere in the same neuron. The complement of proteins that is synthesized under synapsewide control will be determined by the repertoire of mRNA species-however large or small-that is present at a particular synapse and therefore by the specifics of targeting and recruitment mechanisms that apply to that synapse. Specificity is thus spatial in nature in this mode, i.e., is derived from location. Consequently, this mode may be useful whenever synapsewide but location-specific changes are necessary, for instance, when an entire microdomain is strengthened or growing following stimulation.
Candidate factors that are involved in synapse-wide control have been identified. One such factor, the neuronal form of eukaryotic initiation factor 4E (eIF4E) binding protein (4E-BP2), reversibly inhibits eIF4E. Knockout animals that do not express 4E-BP2 (and are thus presumably initiation derepressed) exhibit learning deficits and have altered requirements for the induction of longterm potentiation ( Much remains to be learned. For example, we do not know the relative concentrations of mRNAs and translational machinery (i.e., ribosomes, translation factors) at synapses. Machinery components may be limiting at distant dendritic sites, and local mRNAs would therefore have to compete for them. As discussed below, it is also likely that many or most mRNAs at a synapse are, at least temporarily, translationally repressed, allowing for "controlled competition" and thus for mRNA/ machinery stoichiometries that differ from those that apply to steady-state conditions in the soma.
It is striking that in all cases described above, the translational regulator is a repressor. This appears to be a consequence of the fact that the default state of translation, in contrast to transcription, is "on. An evolutionary perspective on RNA control was provided by J. Brosius. Although they are a class of molecules older than proteins, new RNAs continue to evolve. Retroposition (conversion of RNA to DNA) is one mechanism that likely has precipitated many changes in gene structure and expression. These changes have in turn served-and continue to serve, as can for example be seen with untranslated BC RNAs-as a genomic driving force in neural evolution and speciation.
It has been 11 years since the first FASEB meeting on RNA localization was held at UC Santa Cruz in July 1994. At that time, appreciation of RNA control was in its infancy in the field of synaptic plasticity, as was interest in long-term potentiation in the field of translational control. We have come a long way since that constituting Santa Cruz meeting, and the field has seen dramatic development over the last 10 years. Today, the challenges are clear, but so is the general future direction. We are looking forward to the next decade of RNA control in neurons.
A list of speakers invited to the Kfar Blum workshop can be found at www.embo-rna-neurons.com. My apologies to all those whose contributions could not be quoted because of space limitations.
